Density functional/molecular dynamics simulations have been performed on liquid antimony (588 atoms and six temperatures between 600 K and 1300 K) and on neutral Sb clusters with up to 14 atoms. We study structural patterns (coordination numbers, bond angles, and ring patterns, structure factors, pair distribution functions) and dynamical properties (vibration frequencies, diffusion constants, power spectra, dynamical structure factors, viscosity) and compare with available experimental results and with the results of our previous simulations on Bi. Three short covalent bonds characteristic of pnictogens are common in the clusters, and higher temperatures lead in the liquid to broader bond angle distributions, larger total cavity volumes, and weaker correlations between neighboring bond lengths. There are clear similarities between the properties of Sb and Bi aggregates. Published by AIP Publishing. [http://dx.
I. INTRODUCTION
The structures and other properties of group 15 elements (pnictogens, valence configuration ns 2 np 3 ) have aroused interest for many years. 1 The heavier members of the group (P, As, Sb, and Bi) have numerous crystalline forms, most showing a preference for threefold coordination and bond angles near 60 • and 90 • . The A7 structure (rhombohedral, R3m, D 5 3d ) is the most stable (α-)form of the semimetals As, Sb, and Bi. It comprises puckered layers of atoms with bonds of equal length r to three neighbors, as well as bonds of length r d to three atoms in the next layer. Table I shows that the ratio r d /r decreases with increasing atomic number, which is similar to the effect also found in group 16 elements (S, Se, Te, Po) for the ratio of "interchain" to "intrachain" distances. 6, 7 Apart from a scaling factor, the structures of Sb and Bi are remarkably similar. In phosphorus, the black (orthorhombic) allotrope can be converted under pressure to the A7 structure andat much higher pressures-to a simple cubic metallic form. 2 Elements P to Bi can all be made superconducting by the application of pressure, 8 which usually results in a structural phase change.
Group 15 elements also play an important role in the rapidly growing field of topological phase transitions, where gapless surface or edge states are protected against perturbations that do not close the band gap. Topologically protected spin states could possibly lead to interesting electronic devices, and studies of layer structures related to the A7 bulk structure of group 15 elements include work on black P layers (phosphorene), 9 As monolayers, 10 layered crystalline (antimonene) phases, 11 the Sb(111) surface, 12 and a Bi(111) bilayer. 13 a) Electronic mail: r.jones@fz-juelich.de A variety of structural patterns and other properties have made group 15 elements attractive objects of study for many years, [14] [15] [16] and unusual features in the P T phase diagrams include liquid-liquid phase transitions at high T and P. [17] [18] [19] [20] [21] [22] High pressures suppress the simple cubic to A7 transition in P, As, and Sb, 23 and inelastic neutron scattering (INS) measurements of the dynamical structure factor S(q, ω) near the melting point of Bi show evidence of collective density excitations. [24] [25] [26] In liquid Sb, both the change in the slope of the temperature dependence of the electrical resistivity ρ(T ) around 1000 K 27 and the unusual maximum in the sound velocity at 1168 K [28] [29] [30] suggest structural changes, and neutron scattering studies of the static structure factor and pair distribution function have been carried out. 22, 31 Liquid Sb is a favored component of the positive electrode in liquid metal batteries being developed for grid-level energy storage. 32 Simulations of liquid pnictogens include tight-binding Monte Carlo studies of As and Sb by Bichara et al. 33 and on Sb and Bi by Hafner and Jank, 34 who performed molecular dynamics on samples with up to 2000 atoms using an effective pair potential. DF/MD simulations of liquid As were carried out by Li (64 atoms, 1150 K, 0.3 ps after equilibration), 35 and the first such simulation of liquid Sb was performed by Seifert et al., 36 on a 64-atom sample over 8.1 ps at 1073 K. The crystallization of liquid Sb in the presence of crystalline Sb templates was studied in 144 atom samples at 600 K. 37 In 1934, Jones 38, 39 explained the high diamagnetism, low (semimetallic) conductivity, and structure of bismuth as a distortion of a simple cubic structure brought about by the existence of a large (Jones) zone containing five valence electrons per atom. This work provides a natural explanation of the A7 crystalline structure of As, Sb, and Bi but has largely been overlooked. Peierls 40 discussed the same mechanism in one dimension more than 20 years later, and the "Peierls J. Chem. Phys. 146, 194502 (2017) distortion" 41 has often been invoked in discussions of the structures of group 15 liquids, all of which are characterized by a short-range order similar to that of the A7 structure. 42 An analysis of the pair distribution function [PDF, g(r)] in liquid P, As, Sb, and Bi 42 indicated that such a distortion is present in all cases and appears to increase with increasing temperature due to the larger volume available. 42 On the other hand, X-ray absorption fine structure (XAFS) spectroscopy indicates that a Peierls distortion is weak in liquid Sb near the melting point and vanishes around 1000 K as the temperature increases. 43 Antimony cluster cations Sb + n have been identified mass spectroscopically to n > 250. [44] [45] [46] There is a clear preference for n to be a multiple of 4, which has been explained by a model of packed Sb 4 tetrahedra. 44 Photoelectron spectra have been determined for Sb + 2 and Sb + 4 (Ref. 47 ) and for the anions Sb − n for n = 1-4 48 and n = 2-9. 49 Laser induced fluorescence provides the most detailed information about Sb 2 , 50 Raman spectra of the dimer and tetramer have been measured in neon matrices, 51 and the equilibrium dissociation energies of Sb 2 , Sb 3 , and Sb 4 have been measured in the gas phase. 52 Calculations using correlated wave functions have been performed on Sb 2 , 53,54 Sb 3 , 55,56 and Sb 4 , 57 but DF methods have been favored for larger clusters. They include Sb − n (n = 2-9), 49 Sb n (n = 2-8, 12), 58 and Sb n (n = 2-10). 59 The structures of group 15 elements have been studied in our group for many years. Clusters of phosphorus were among the first where unexpected structures were found using simulated annealing, 60, 61 and calculations on clusters of P and As 62 showed that improved cohesive energies resulted when a gradient corrected form 63 of the exchange-correlation energy was used. The polymerization of a liquid comprising P 4 molecules to a disordered network 64 was one of the first phase transitions simulated using density functional (DF) 65 molecular dynamics (MD) methods. Ballone and Jones 66 studied the liquid-liquid phase transition in a 4000-atom sample of P using a classical force field with parameters fit to an extensive set of DF calculations on phosphorus clusters. Most recently, we performed DF/MD simulations on liquid Bi at four temperatures between 573 K and 1023 K. 67, 68 These simulations provided much information on the structure and dynamics of liquid Bi, including collective excitations, and also of Bi n clusters with n ≤ 14. 67 We present here the results of DF calculations of the structures and energies of Sb n clusters up to n = 14 and compare where possible with other calculations (DF and correlated wave functions) and with the experiment. We also describe extensive DF/MD simulations of liquid Sb (melting point 903.8 K) at six temperatures between 600 K and 1300 K. The latter forms a part of a continuing study of the rapid crystallization of liquid Sb. 69 We study structural patterns (coordination numbers, bond angles, and ring statistics), structure factors, pair distribution functions, and dynamical properties (vibration frequencies, diffusion constants, power spectra, dynamical structure factors, viscosity) and compare with available experimental results and the results of our Bi simulations. We comment on the evidence for Peierls distortions at different temperatures and the limitations of the approximate exchange-correlation energy functionals used in our calculations.
II. METHODS OF CALCULATION

A. Density functional calculations
The calculations were performed with the CPMD program 70 using Born-Oppenheimer MD, periodic boundary conditions with a single point (k = 0) in the Brillouin zone, and scalar-relativistic (s-r) Troullier-Martins 71 pseudopotentials (PP) with five valence electrons (5s 2 5p 3 ) and a 20 Ry cutoff. The exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE) 72 was used, and non-linear core corrections were included. 73 The effect of spin-orbit coupling on the relative energies of cluster isomers is weak and is discussed in Sec. IV D. For the liquid samples (588 atoms), we used the PBEsol approximation, 74 and the density cutoff for calculating the gradient corrections was 1.0 × 10 −5 in all cases. Optimization of the A7 crystal structure using this functional gave r l = 2.924 Å, r d = 3.547 Å, α 0 = 98.4 • , compared with the experimental values (Table I) 2.908 Å, 3.355 Å, and 95.6 • . While the interlayer bond lengths are described well, the separation between layers is overestimated by over 5%. Similar discrepancies arose when applying the PBE functional to Te, the neighbor of Sb in the periodic table. 6 However, better results-with substantially higher computational cost-were obtained in liquid Te (Ref. 6) using the approximation of Tao et al. 75 and in liquid tellurides 76 using an empirical correction for dispersion forces. 77 These results indicate that improved functionals are needed for high precision calculations, without implying that these particular modifications (TPSS, dispersion corrections) are individually essential.
Liquid Sb was simulated at six temperatures in hexagonal simulation boxes with parameters given in Table II . The hexagonal symmetry is compatible with that of bulk Sb, as the results formed a part of a continuing study of crystallization of liquid Sb. 69 The densities at the melting point and above were taken from Ref. 78 , and those of supercooled samples were assumed to be the same as at 900 K. The time step was 3.025 fs. The simulations proceeded by successive cooling of the liquid structure found at 1300 K, with adjustments to the size of the cell if required. Equilibration was performed over 10 ps at each temperature before data collection (coordinates r i and velocities v i of all atoms) over the simulation times given in Table II . The long simulation at 600 K was a part of the crystallization study mentioned above. Excellent starting structures for the calculations of Sb n isomers could be found in most cases by scaling the coordinates of structures found for Bi n , 67 many of which had been found in turn for n ≤ 10 by scaling the coordinates of low-lying structures of P n 60,61 and locating the nearest energy minimum. Larger cluster structures were generated by adding atoms to edges or faces of stable clusters or by combining pairs of clusters. States with the lowest possible multiplicity are generally the most stable, but higher multiplicity states have been checked in most structures with n < 10.
B. Analysis of results
The pair distribution function (PDF) g(r) is the spherically averaged distribution of interatomic vectors (r j r i ) and can be determined from the atomic coordinates
where ρ is the atomic number density. The structure factor S(q) is the Fourier transformation of g(r),
The local structure is also characterized by the distributions of the bond angles, the near-neighbor separations, and the ring structures. 79 Cavities were calculated using the pyMolDyn program 80 with cutoff radius 2.8 Å.
The frequency distributions (power spectra) of the liquid phases have been calculated from the velocity-velocity autocorrelation function Cv,
which was evaluated in a given trajectory for blocks of 20 000 time steps (over 60 ps) with different starting points t 0 . The Fourier transform of the average then gives the power spectrum. Cluster vibration frequencies were calculated by diagonalizing the dynamical matrix, whose elements are found using finite differences. Calculations using linear response theory gave results that were typically 1%-2% lower. Vibration frequencies were broadened by a Gaussian of width 1 cm 1 . The diffusion constants D were calculated from the coordinates r i ,
The dynamical structure factor S(q, ω) is determined from the current autocorrelation functions as described in detail in Ref. 68 . The shear viscosity η couples to the transverse momentum and can be calculated from the transverse current autocorrelation function and its Laplace transform. Extrapolation to q = 0 is carried out using an equation suggested by Alley and Alder based on a hydrodynamic model 81
where η is the shear viscosity and a is an adjustable parameter. Full details are provided in Ref. 68 . A simple connection between viscosity η and diffusion constant or diffusivity D is the Stokes-Einstein relationship (SER) 82, 83 derived for the diffusion of uncorrelated macroscopic spheres in a liquid,
where d is an effective diameter of a sphere, and c is a constant that depends on the boundary conditions between the particle and fluid (slip: c = 2, stick: c = 3). The SER can be applied to the diffusion of single atoms or molecules at high temperatures and for predictions if one of these quantities is unknown.
III. LIQUID ANTIMONY
A. Structure factor, pair distribution function, and near-neighbor separations
A representative snapshot of the liquid at 900 K is shown in Fig. 1 , and in Fig. 2 we show the PDF and structure factors S(q) for the liquid at 900 K, 1000 K, 1100 K, and 1300 K. Also shown are the experimental (ND) results of Greenberg et al. 30 Although the temperatures of the two sets of data are not identical, the agreement between theory and experiment is encouraging. The calculations reproduce the main features of the experiments very well, including the existence of a weak shoulder in S(q) on the high-q side of the first peak. Nevertheless, the details of this shoulder are less satisfactory, particularly at 900 K. We note that the experimental data for 923 K are slightly less precise than those at the other three temperatures, for which the background scattering was determined directly without interpolation. 84 The distribution of separations of up to the 12 nearest neighbors [ Fig. 3 ] shows interesting features. While bonds to the more distant neighbors expand steadily as the temperature increases, there is little change in the distance to the first three neighbors. The maxima of the nearest-neighbor distributions at all temperatures (∼2.83 Å) are slightly shorter than the nearest-neighbor separation in crystalline Sb (2.908 Å). Distributions 4-6 are still below 3.7 Å and show a smaller shift and narrower distributions than more distant neighbors (7) (8) (9) (10) (11) (12) , which is reminiscent of the situation in Bi.
To avoid ambiguities arising from the relatively broad first peak in the PDF, we have employed the effective coordination number ECN, 85 where the average value of bond distances is calculated iteratively for each atom and the bonds are weighted accordingly. The calculated ECN-values at 600, 700, 900, 1000, 1100, and 1300 K are 4.87, 5.13, 5.31, 5.26, 5.19, and 5.05, respectively. To reproduce these values by integrating g(r), the corresponding cutoff distances are 3.13, 3.21, 3.27, 3.29, 3.23, and 3.20 Å. The overall picture is approximately fivefold coordination with a weak maximum near the melting point.
B. Bond angle distributions
The bond angle distributions [ Fig. 4 ] were determined with a cutoff of 3.0 Å, which means that long bonds are excluded, and they show a preference for octahedral orientation at lower temperatures (bond angles around 90 • and nearly linear configurations). The distributions become weaker and broader as the temperature is increased, while triangular configurations (∼60 • ) become more important. The bond angle distributions are discussed further in Sec. V.
C. Rings and cavities
Rings and cavities are analyzed as described above (Sec. II B). Simulations of hundreds of atoms are needed to avoid distortions caused by periodic boundary conditions. The distribution of rings (closed paths along bonds) is shown in Fig. 5 for all six temperatures (cutoff 3.0 Å). Rings with three or four atoms are common, and there is more weight for larger rings at a higher temperature. These changes reflect the reduced coordination and atomic density at high T. The supercooled sample at 600 K shows an increased weight of five-and six-fold rings. The latter become the main structural motif in crystalline Sb and are likely to play an important role in the crystallization of the liquid. 86 Cavity analysis was performed with the pyMolDyn program 80 using a sphere radius of 2.8 Å. The differences between the temperatures are significant, but less pronounced than in Bi. The total cavity volumes increase from 3.9% at 600 K to 10.1% at 1300 K, consistent with the lower densities measured at higher temperatures. 78 As in liquid Bi, this change is reflected in the shift of the near-neighbor distributions 7-12 ( Fig. 3 ), corresponding to distances on the second coordination shell.
D. Vibrations, diffusion
The power spectra (vibrational densities of states) are shown in Fig. 6 for liquid Sb at all six temperatures. There is a broad peak at 12-16 meV that moves to lower frequencies as the temperature is increased. These frequencies are in the range found in optical phonons in crystalline Sb 87 and a second peak (∼2 meV) at 600 and 700 K. The tail of the distribution above ∼18 meV arises from bond stretching modes that are also apparent in Sb n clusters (see Sec. IV C).
We have used the TwoPT program 88 to separate the power spectra into contributions from diffusive (gaslike, g) and vibrational (solid, s) modes. The result is shown in Fig. 7 . This program allows us to determine the value of the diffusion constant, and the results (D sg ) show very good agreement with values D calculated from Eq. (4) (see Table III ). Diffusion constants measured by radioactive tracer diffusion in liquid Sb are (units of 10 5 cm 2 /s) 5.81 ± 0.47 at 955 K, 6.46 ± 0.55 at 1001 K, 8.68±1.17 at 1185 K, and 10.95±0.68 at 1302 K. 89 Our results agree well at 1300 K and somewhat underestimate the measured values at lower temperatures, although the error bars in the latter are substantial. 
E. Dynamical structure factor, collective dynamics
The dynamical structure factors S(q, ω) for selected q values were calculated from the MD trajectories at 600-1300 K, and the ratios to the static structure factors S(q) are given in Fig. SF1 of the supplementary material for selected values of q. We show results obtained directly from the trajectories as well as those using a Gaussian window function (σ = 3 meV) to reduce numerical noise. The dispersion relations obtained from the peaks of the longitudinal current correlation function C L (q, ω) are shown for T = 900 K in Fig. 8 . For a given value of q, C L (q, ω) can have more than one maximum, and care is needed in identifying the collective modes. We show the results for all values of q (red crosses), as well as those using bins in q of width 0.1 Å 1 . The results can be summarized as follows. A linear relationship between ω and q for the diffusive single-particle modes below 0.6 Å 1 is followed by a relatively flat dispersionless range between 0.7 and 1.6 Å 1 . This behavior is very similar to that found in Bi. 68 As in Bi, there is a deep minimum near q = 2.0 Å, which is close to the reciprocal lattice vector where a minimum occurs in the phonon spectrum of crystalline Bi. 87 second, weaker minimum occurs at approximately twice this wave vector.
The dispersion curves for low values of q are shown in Fig. 9 for four temperatures. The sound velocities can be calculated from the linear part of the dispersion curves, and linear fits to the low q values are shown in Fig. 9 as solid lines. The sound velocities c calculated in this way depend on the number of fitting points and how the data are averaged. Taking the origin and q-points up to 0.5 Å, we find a sound velocity at 900 K of 2506 m/s, compared with experimental values at the melting point (903.8 K, 1910, 28,90 1884 m/s 29 ) . The values at all temperatures are given in Table III . The low-frequency (hydrodynamic) value of the sound velocity is then over 20% lower than the sound velocity determined here. This effect is known as "positive dispersion" and was also observed in Bi. 68 Our fitting procedure leads to considerable uncertainties in the results, but a maximum in the sound velocity a little above the melting point remains a possibility.
Side peaks in the calculated C T (q, ω) spectra provide information about the transverse modes. They have been analyzed as in the case of Bi 68 and are again much weaker than peaks in the corresponding C L (q, ω). The sound velocities for the transverse modes are 900 (600 K), 730 (700 K), 430 (900 K), and 360 m/s (1300 K).
F. Viscosity
The calculation of the q-dependent shear viscosity from the transverse current correlation function is discussed in Ref. 68 . This function is then extrapolated to the limit q → 0 using Eq. (5), and the results are shown for four temperatures in Fig. 10 . The calculated shear viscosities are compared with experimental values 78 in Table III . The extrapolated value depends on the choice of q-points as well as the fit function (5) . We have chosen a cutoff of 3.0 Å 1 and points in the tail of η(q) separated by 0.2 Å 1 . In view of these uncertainties, the agreement with the experiment is satisfactory. At lower temperatures, η(q) increases rapidly as q −→ 0. Since the lowest q value is fixed by the size of the simulation cell at ∼0.24 Å 1 , the extrapolation is no longer reliable. The Stokes-Einstein relationship [Eq. (6) ] between viscosity η and diffusion constant D was derived for a very simple model, but it is often satisfied fairly well (within ∼20%) for monatomic liquids. If we assume that the diameter d of an Sb sphere corresponds to the first peak in the pair distribution function (3.0 Å for all temperatures) and adopt the values of D determined by the TwoPT program (Table III) , we find the following values of η using the SER: 900 K: 1.63, 1000 K: 1.42, 1100 K: 1.21, 1300 K: 0.77 [10 −5 × cm 2 /s], somewhat higher than the measured values of η given above.
G. Electronic structure
The general features of the electronic band structure of crystalline Sb are well known. 91 The three bands near the Fermi energy arising from atomic 6p-electrons have antibonding, lone-pair, and bonding components and are separated by ∼4 eV from two bands at lower energies arising from the 6s-electrons. The Kohn-Sham eigenvalue spectra (electronic density of states, DOS) for 600, 900, and 1300 K are shown in Fig. 11 . Also shown are the results for a crystalline sample with the density at 900 K (6.466 g cm 1 ), which is 3.5% lower than the density at 300 K. The overall picture shows two broad bands FIG. 11 . Electronic density of states for crystalline Sb and for liquid Sb at 600, 900, and 1300 K. The Fermi energy is zero in each case. from the Fermi energy to 5 eV and between 7 and 13 eV.
The density of states shows a very pronounced minimum at the Fermi energy, which is consistent with its semimetallic nature, but this minimum is weak or non-existent at the melting point and above.
IV. ANTIMONY CLUSTERS Sb n
Structures, energies, and vibration frequencies have been calculated as described in Sec. II A for isomers of Sb n clusters up to n = 14.
A. Structures
Results of calculations for the dimer Sb 2 are compared with the experiment in Table IV . The DF calculations lead to a consistent picture of bond lengths, and the differences in the binding energies reflect in part the use of different approximations for the exchange-correlation energy.
The Sb trimer has two low-lying isosceles triangular (C 2v ) isomers that are Jahn-Teller distortions of the equilateral triangle structure (D 3h ). The 2 A 2 state (α = 64.2 • , r 1 = 2.73 Å, r 2 = 2.90 Å) is slightly (0.02 eV) more stable than the 2 B 1 state (α = 56.1 • , r 1 = 2.84 Å, r 2 = 2.67 Å). Similar structures and the same ordering were found in the multireference configuration interaction (MRCI) calculations of Balasubramanian et al. 55 ( 2 A 2 , 65.8 • , r 1 = 2.76 Å; 2 B 1 , α = 55.6 • , r 1 = 2.90 Å, ∆E = 0.04 eV) and the CCSD(T) calculations of Choi et al., 56 ( 2 A 2 , α = 64.2 • , r 1 = 2.73 Å; 2 B 1 , α = 56.2 • , r 1 = 2.84 Å, ∆E = −0.05 eV). The linear structure (r = 2.58 Å) lies 1.74 eV above the 2 A 2 state and has vibration frequencies 29, 168, and 247 cm 1 . The most stable tetramer is tetrahedral (T d , bond length 2.86 Å). The C 2v (butterfly) structure of Sb 4 is a familiar unit in clusters of P and As and lies 1.40 eV higher in energy than the T d structure. There are four bonds of length 2.84 Å and one of 2.90 Å.
Two low-lying stable isomers of each of Sb 5 , Sb 6 , and Sb 7 are shown in Fig. SF2 (supplementary material) . The stability of the structures comprising the butterfly tetramer with an additional atom [5(a)], dimer [6(b)], and trimer [7(a)] is evident. With the exception of the twofold coordinated dimer atoms (2.65 Å), the bond lengths in these structures lie in a narrow range (2.84-2.90 Å). The longest bonds occur in the C 4v isomer of Sb 5 (2.90 Å, 2.95 Å), where the out-of-plane atom is fourfold coordinated. As in the case of Bi 7 , the energies of 7(a) and 7(b) are almost degenerate. Low-lying isomers of Sb 8 are shown in Fig. SF3 (supplementary material), and the wedge (C 2v ) structure is the most stable. Of particular interest is the relative stability of a pair of Sb 4 tetrahedra, where there are numerous local minima in the energy surface. The most stable [0.09 eV above (a)] is found when faces of the two tetrahedra (bond lengths 2.86 Å) are nearly parallel [8(b) ]. The distance between atoms in different tetrahedra is 4.2 Å, and the bonds in the tetrahedra are 2.87 Å. Slightly higher in energy is isomer 8(c), which has a mirror plane and shorter bonds (3.99 Å) between the tetrahedra. The PBE and similar approximations usually overestimate the strengths of weak bonds between closed shell systems, but the results demonstrate the importance of "clusters of clusters" in group 15 elements. Isomers 8(g) (D 2h , with all bonds close to 2.87 Å) and 8(h) (O h , cube, bond length 2.93 Å) of Sb 8 lie 0.43 eV and 0.67 eV, respectively, above the most stable isomer.
Two low-lying isomers of each of Sb 9 to Sb 14 are shown in Figs. SF4 and SF5 in the supplementary material. Many structures can be derived from smaller clusters by adding units with one to four atoms, and structures with higher symmetry, e.g., C 2h in Sb 10 , Sb 11 , and Sb 12 , are favored over their lower symmetry counterparts (C s ). The structures found in larger clusters indicate a preferred direction of growth reminiscent of tube-like structures found in monoclinic phosphorus. 1 Further remarks on bonding trends are given in Sec. IV D.
B. Cohesive energies
In Fig. 12 The variation of E c with the cluster size follows the pattern found in phosphorus clusters: a general increase with a clear odd-even alternation, and there is reasonable agreement between the two sets of results. Experimental values for Sb 2 , Sb 3 , and Sb 4 52 agree well with our calculations. The measured enthalpy of vaporization in bulk Sb is 2.74 ± 0.02 eV. 92 The relatively slow variation of E c with n ≥ 6 indicates that assemblies of small clusters, such as isomer 8(b), can have similar energies to more compact clusters with the same total number of atoms.
C. Vibration frequencies
Vibration frequencies for representative isomers of Sb n clusters are shown in Fig. SF6 (supplementary material) . Previous vibration frequency calculations for Sb n clusters with n > 2 appear to be limited to the trimer. 56 While the results depend on the choice of the basis set and effective core potential, the results compare reasonably well with ours. In the 2 A 2 state, the present calculations give 114, 152, and 230 cm 1 , compared with 149 and 229 cm 1 with CCSD(T) calculations. 56 Our calculations for linear Sb 3 give frequencies of 134, 174 (3), and 234 cm 1 (2) . With the exception of Sb 2 , there are few measurements of vibration frequencies in Sb n clusters. Bondybey, Schwartz, and Griffiths 51 found 179 and 241 cm 1 for the Raman active modes of Sb 4 in a neon matrix. These compare with the finite difference results in the present work (all modes) of 134, 174, and 235 cm 1 .
D. Trends in structures and other cluster properties
The structures of clusters of different group 15 elements show pronounced similarities, and appropriate scaling of the coordinates for one element is a reliable way of generating starting structures for another. The smallest clusters show a growth pattern based on the C 2v (butterfly) isomer of the tetramer, followed by a pattern of disordered pentagonal units for n = 7 and tube-like formation in the largest clusters considered here. Most atoms are threefold coordinated, and bond lengths close to the nearest-neighbor separation in the bulk (2.908 Å) are common. Two-and four-fold coordinated atoms have bonds that are shorter and longer, respectively, than this value. Bond angles in the range 80 • -110 • are common, but triangular structures and bond angles near 60 • do not occur in the A7 structure of Sb (α ∼ 95.5 • ). Clusters studied here are clearly far from "bulklike."
The cohesive energies (Fig. 12) show very good agreement with available measured values (n = 2, 3, 4). 52 While there are signs of saturation with increasing n, the calculated value for Sb 14 is lower than the experimental estimate of the bulk. 92 The odd-even variation with n is more pronounced than in group 16 elements sulfur 93 and tellurium 7 and is a direct consequence of the odd number of valence electrons in atoms of group 15 elements. The trends in cohesive energies are very similar to those found in Ref. 59 . The DF/MD calculations of Sundararajan and Kumar 58 used the local density approximation for the exchange and correlation energies without spin corrections and led to large overestimates of the binding energies.
The overall similarity in the structures of clusters of group 15 elements does not imply that the relative energies of isomers of a given cluster size are the same. The bonding in Sb and Bi clusters is weaker than in P clusters, and the range of isomer energies is smaller. The energy difference between isomers 8(a) and 8(g) in Fig. SF3 (supplementary material) is 0.47 eV in Bi and 0.67 eV in Sb, but over 1.7 eV in P. The P 4 (T d )-dimer is the most stable form of P 8 , while in Bi and Sb it is ∼0.1 eV less stable than 8(a).
The vibration frequencies (Fig. SF6 , supplementary material) cover the range of phonon frequencies measured in crystalline Sb (up to ∼73, 115−160 cm 1 ). 87 Inelastic neutron scattering measurements on polycrystalline Sb 94 also show peaks around 60 and 150 cm 1 , 94 and q = 0 Raman spectra show vibrations at 154.6 cm 1 (A 1g , LO) and 116 cm 1 (E g , TO). 95 Twofold coordinated atoms in the clusters have higher frequencies, and the Sb 4 (T d )-dimer frequencies are related to those of Sb 4 (T d ), supplemented by low-frequency vibrations corresponding to the weak bonds between the groups.
Relativistic effects 96 must be included in calculations involving heavy elements, and our scalar-relativistic pseudopotential for Sb includes the average of spin-orbit components, as in the case of Bi. 67 The stabilization of the 6p 3 ( 4 S 0 3/2 ) atomic ground state by SOC is large in Bi, where the cohesive energies of Bi n clusters are lowered almost uniformly by between 0.4 and 0.5 eV/atom, 67 but the effect of SOC in Sb 2 and Sb 4 is much weaker. 97 The VASP program 98 was used with the PBE functional, a projected augmented wave (PAW) pseudopotential for Sb with 15 valence electrons, and an energy cutoff of 500 eV. There is a significant lowering of total energy of the clusters and the constituent atoms, but the cohesive energies in the dimer and tetramers are changed by less than 0.1 eV/atom.
V. DISCUSSION AND CONCLUDING REMARKS
Combined density functional/molecular dynamics calculations have been performed on neutral Sb n clusters (n = 2-14) and on liquid Sb at 600, 700, 900, 1000, 1100, and 1300 K with 588 atoms in the simulation cell. They are the most extensive DF simulations performed to date on these systems, and we have focused on the structures and dynamical properties.
Antimony clusters show similar structural patterns (including coordination numbers, bond angles, ring patterns, . . .) to those found in clusters of other group 15 elements. While these patterns are particularly evident in bulk allotropes of P, this is less so in Sb and Bi, where the most stable (rhombohedral) form is a modest distortion of a simple cubic structure comprising threefold coordinated atoms. 38, 39 The energy differences between different isomers, and the energy barriers between them are less in Sb n and Bi n clusters than in the corresponding clusters of P and As. The structural patterns in the liquid and cluster phases of Sb and Bi are more similar to each other than to the crystalline A7 structures, and the structural variety in Sb clusters is reflected in the range of vibration frequencies up to ∼200 cm 1 . The power spectrum of the liquid shows a broad peak near 130 cm 1 at all temperatures, as well as a weaker peak near 40 cm 1 at lower temperatures.
Extensive elastic ND measurements have been performed on liquid Sb, 30 and the present calculations of the static structure factors S(q) agree satisfactorily with these data. We are not aware of any inelastic scattering measurements of the dynamical structure factor S(q, ω), but our calculations of S(q, ω) and related quantities show clearly the presence of collective excitations. The low-q dispersion of these modes shows a sound velocity at 900 K of 2580 m/s, which is more than 20% higher than the adiabatic sound velocity measured at the melting point (1910, 28, 90 1884 m/s 29 ). We would welcome experimental studies of these collective modes, as performed in Bi using inelastic ND 25 and x-ray scattering methods. 26 The shear viscosity η(q) has been determined from the transverse current correlation function C T (q, t), and the value of η(0) has been determined by extrapolation q −→ 0. The result of the extrapolation depends on the number and distribution of q-points, but the viscosity decreases with increasing temperature in reasonable accord with the experiment. The Stokes-Einstein relationship between viscosity η and diffusivity D is satisfied to within 15%.
Monte Carlo calculations in liquid As 33 showed a strong preference for near-linear trimer structures with alternating short and long bonds. This feature is a possible marker of a Peierls distortion and is absent in the corresponding calculations of liquid Sb. 33 This finding is consistent with the contour plots of the angular limited bond-bond correlation function found in XAFS measurements 43 and in the present work ( Fig. 13) , which show few signs of alternating bonds at the melting point and above. The bond angle distributions ( Fig. 4) show no preference for linear trimers, and they show FIG. 13 . Correlations between bond lengths r 1 and r 2 of three neighboring atoms with bond angle between 165 • and 180 • . The analysis covered the last 10 000 steps of each trajectory, and the cutoff for neighbors was 4.0 Å.
